Since the pioneering works of Pethig, Grant and Wüthrich on protein hydration layer, many studies have been devoted to find out if there are any "general and universal" characteristic features that can distinguish water molecules inside the protein hydration layer from bulk. Given that the surface itself varies from protein to protein, and that each surface facing the water is heterogeneous, search for universal features has been elusive.
INTRODUCTION
A layer of water that surrounds every protein molecule in aqueous solution plays a central role in the structure, dynamics and function of the protein . An early estimation of the width of the hydration layer came from the rotational correlation time obtained by NMR (and later by dielectric relaxation) measurements of the protein in aqueous solution. The measured time constant was found to be elongated due to the interaction with the surrounding water molecules. Use of Debye-Stokes-Einstein relation to reproduce the orientational correlation time demonstrates the need for an addition of ~3Ȧ to the crystallographic radius of the protein 23 . This 3Ȧ seemed correct to accommodate one layer of water. This tentative agreement served to foster the view that a protein in aqueous solution is surrounded by a nearly rigid layer of water molecules (the iceberg model). The landmark work of Wüthrich dispelled this idea to some extent by suggesting that the residence time of water molecule in the layer should be less than ~300 ps 17, 18 .
Even earlier than the reported NMR experiments, Pethig and others studied aqueous protein solutions by using dielectric spectroscopy [14] [15] [16] 24 . They essentially discovered three components that were considered universal by many, including Mashimo 25, 26 who carried out extensive studies in the late 1980s. The three components consist of (i) one bulk water-like around 10 ps, (ii) one at 10 ns or so, attributed to protein rotation and the third (iii) at around 40 ps. The last one was unexpected and was termed 'delta-dispersion'. This was attributed to protein hydration layer (PHL).
Much later, the problem was re-visited by employing improved NMR techniques [27] [28] [29] , time dependent fluorescence Stokes shift (TDFSS) studies 12, 30, 31 and also computer simulation studies 2, [32] [33] [34] . New NMR experiments all but rule out existence of any slow component 28, 35 . The average time obtained was only 2-3 times slower than that of the bulk value. On the other hand, recent TDFSS experiments consistently produced time component that were more than one order of magnitude slower than that in the bulk 13, 30, [36] [37] [38] [39] [40] [41] . Let us first focus on results obtained by NMR experiments. By the very nature of the experimental technique, NMR provides only an average value, that is, average over all the water molecules in the system. 29 That is, both in the surface and away. One can use NOE or spin exchange technique to obtain region specific result but NOE has low time resolution. MHRD on the other hand has little or no spatial resolution 29, 35 . The inability of NMR to provide either spatial or temporal resolution makes it hard to apply to draw any definite conclusion. TDFSS 3 on the other hand reported existence of several slow components, ranging from tens of ps to hundreds of ps 30, 33 . However, interpretation of the origin of slow components remains controversial to-date. Initial experiments by Bhattacharyya and co-workers revealed the existence of time scales ranging from a few ps to even a few ns 38 . However, these experiments had limited time resolution so missed much of the ultrafast response.
Zewail and co-workers carried out experiments on Subtilisin Carlsberg and sweet protein Monellin using exposed amino acid residues (tryptophan) as the natural probe 30 .
Because of 160 fs time resolution used in these experiments, they missed both the ultrafast and the slow components but obtained the intermediate timescales. Importantly, they compared their TDFSS results on protein hydration layer with tryptophan in the bulk.
Zewail's experiments find a slow component of 38 ps for Subtilisin Carlsberg and 16 ps for sweet protein Monellin which are absent in bulk water solvation.
Computer simulations, however, have provided mixed results. If one uses single particle rotation and probe the second rank spherical harmonic (as in anisotropic depolarization experiments) then one finds a result in good agreement with NMR, that is, a relaxation time ~2-3 times slower than the bulk. On the contrary, if one studies dielectric relaxation or the total moment-moment time correlation function of the first layer 42 , then one obtains a multi-exponential decay with the slowest time that is again an order of magnitude slower than the bulk 42 dependence of the rate of relaxation might not hold 31 .
In an interesting study, Ali and Singer pointed out that the amino acid side chains can play an important role in slowing down the solvation dynamics of a probe 32 . When they quenched the motion of the side chains, relaxation became faster. One could imagine that this is a trivial consequence of the removing the slow energy component from the side chain charged groups, but later study showed that the situation was not that simple. In some cases, the relaxation became slower when side chain motion was quenched 33 . Therefore, a more detailed study is needed in a microscopic scale.
The main results of the present work are as follows. (i) Distributions of calculated residence times and rotational relaxation times in the hydration layer for four different 4 protein-water systems are unusually broad. We attribute this to the simultaneous presence of peptide backbones that form weak hydrogen bonds, hydrophobic amino acid side chains that form no hydrogen bond and charged polar groups that form strong hydrogen bond with the surrounding water molecules.
(ii) Importantly, this unusually broad distribution is responsible for the non-exponential relaxations. (iii) While the average time constant is just about 2-3 times larger than that of bulk water, it is seen to provide a poor representation of the real behaviour. In particular, the average leads to the erroneous conclusion that water in the hydration layer is bulk-like. (iv) The much lower value of the static dielectric constant of hydration layer remained difficult to reconcile with the broad distribution observed in the dynamical properties. We offer a plausible explanation of these unique properties.
We also discuss the relationship of our result of wide distribution of relaxation times with the experiments, like NMR, 2D-IR and time dependent fluorescence Stokes shift. We discuss how these different experiments preferentially probe different aspects of this distribution, and can thus lead to different results, leading to certain unnecessary confusion and controversy. 2O9U) in order to distinctly characterise and draw general remarks on the hydration layer and its uniqueness. The four proteins are chosen because of their diverse structure, function and helix-sheet ratio (see Figure 1 for details). 
SYSTEM AND SIMULATION DETAILS
Atomistic molecular dynamics simulations are performed using GROMACS 46 package (v5.0.7). We have prepared the system in accordance with experimental concentration (~2-3 mM). Initial configurations of the proteins have been taken from crystal structures available in Protein Data Bank. We have used OPLS-AA force field 48 and extended point charge (SPC/E) water model. Periodic boundary conditions were implemented using cubic boxes of sides ~9-10 nm filled with ~23,000-26,000 water molecules depending on the size of the protein. The total system was energy minimised using steepest descent algorithm followed by conjugate gradient method. Thereafter the system was subjected to simulated annealing 49 in order to heat it up from 300K to 320K and again cool it down to 300K in order to unbias the system and help it to get out of a local minima (if any). The solvent was equilibrated for 10 ns at constant temperature (300 K) and pressure (1 bar) (NPT) by restraining the positions of the protein atoms followed by NPT equilibration for another 10 ns without position restrain. The final production runs were carried out at a constant temperature (T=300K) (NVT) for 30 ns. Analyses were peformed on the last 25 ns of the trajectories to get rid of effects of barostat. The equations of motions were integrated using leap-frog 6 integrator with an MD time step of 1 fs. All reported data are averaged over three MD trajectories starting from entirely different configuration of the system. We have used modified Berendsen thermostat 50 (τ T = 0.1 ps) and Parrinello-Rahman barostat 51 (τ P = 2.0 ps) to keep the temperature and pressure constant respectively. The cut-off radius for neighbour searching and non-bonded interactions was taken to be 10 Å and all the bonds were constrained using the LINCS 52 algorithm. For the calculation of electrostatic interactions, Particle Mesh Ewald (PME) 53 was used with FFT grid spacing of 1.6 Å. In order to characterise the distinctiveness in terms of rotation of one O-H bond of water molecules, we calculate the first and second rank orientational correlation [Equations (1) and (2)] for those water molecules which reside more than 100 ps inside the hydration layer and are monitored till they leave the PHL in order to obtain a good statistical averaging.
RESULTS AND DISCUSSIONS

Distribution of rotational time constants
We define a particular water molecule inside hydration layer only when it is within 1 nm of its nearest protein atom. For bulk solvent the distribution is calculated for ~4000 water molecules averaged over a 10 ns trajectory. (2) Here, P 1 and P 2 are respectively the first and second rank Legendre polynomials and Table 1 and Table 2 .
8 
Distribution of total dipole moment of hydration layer
Apart from the widely variant dynamical features of hydration layer and bulk water discussed in the previous section, some thermodynamic response functions are also quite efficient in discriminating between PHL and bulk. One of such properties is the effective dielectric constant of the shell which is a response function of total dipole moment fluctuation. The magnitude of total dipole moment (M T ) of a particular domain is given by Equation(3).
Here, 'i' is the running index denoting water molecules and 'j' is the index for Cartesian vector components (x,y,z) of dipole moment. This reflects a collective orientation of the water molecules. In presence of a huge and constant dipole moment arising from protein (see For this narrow distribution inside PHL, the dielectric constant becomes lower than that of bulk; as also observed by Ghosh et. al 42 . We calculate this property using the well known expression in terms of total dipole moment fluctuation [57] [58] [59] as shown in Equation (4).
An important point to be noted in this context is that the definition of an 'effective dielectric constant' of hydration layer is valid only in the limiting condition that cross correlation coefficient [Equation (10) 
Where, i and j are indices denoting shell around protein. Hence the total dipole moment of water has one self-part, and a cross-part. Now, if the cross-term is negligible, we can rewrite
Scaling Equation(6) with respect to volume, we obtain,
Where, W V is the volume of the total water and i W V is the volume of the i th water shell.
Multiplying both sides of Equation (7) with the factor 4 3
B kT
 and defining volume fraction of i th shell as
where,  W is the dielectric constant for all the water molecules in the system and  i is the effective dielectric constant of the i th hydration shell, which is defined by Equation(9). The measure of smallness of the cross terms with respect to the self-terms are defined using the well-known expression of correlation coefficient ( 12
Here, angular brackets denote average over time. 12 and MM are the total dipole moment of first and second layers respectively. The protein surface is generally rugged even for a globular protein. The width of the PHL and second layer are judicially chosen to be 1 nm and 2 nm respectively to avoid the effect of protein surface heterogeneity so that the cross correlation becomes negligible across the layers and there is not much discrepancy in the volume calculation in case we consider the shell to be spherical. To get the volume of hydration layer we have used the specific volume of water at 300 K along with the number density calculated from our MD trajectories. We also calculate the total moment-moment autocorrelation function and compare it with the same in the bulk. The autocorrelation relaxations are fitted bi-exponential forms for PHL and single-exponential for Bulk water. There is always a slower component of one order of magnitude higher in case of PHL compared to bulk 42 . The relaxation is generally slower because of the large dipole moment of the protein which itself prevents the surrounding water dipoles to relax rapidly. For the beta sheet rich proteins GB1 and Monellin, the average retardation factor is ~1.5 and for that of alpha helix rich proteins Lysozyme and Myoglobin it is ~2.5. The fitting parameters are summarized in Table 4 and the plots are shown in Figure   5 .
Lysozyme 
Distribution of water self-interaction energy of hydration layer
Besides dipole moment, total self-interaction energy (Coulomb and Lennard-Jones) distribution of PHL and bulk water molecules is also widely different. For bulk, it is sharp and narrow whereas in case of PHL, it is generally wider (Figure 7) . This allows us to define a local specific heat of the PHL having self-energy contribution only, following the definition in Equation(11).
We may derive specific heat like quantity for kinetic energy contribution as well, since this includes the individual molecules themselves. These results are tabulated in Table   5 . It is observed that the specific heat values of PHL is more than twice of that of bulk values for both potential and kinetic energy contributions. The sum of the two gives the total effective heat capacity of different shells around the protein. In all the cases specific heat is found to be greater that twice that of bulk water. Table 5 . Effective specific heat of PHL and shell-2 of four proteins compared to that of bulk. A greater value of specific heat points towards a greater fluctuation in energy.
Analogous to the case of dipole moment, energy of aqueous system is also highly perturbed by the presence of a large biomolecule like protein. This increased specific heat is an indication of increased resistance towards temperature change of water molecules inside PHL because in NVT ensemble the specific heat at constant volume is proportional to the energy fluctuation [Equation (11)]. So it would be twice or thrice as difficult to change the local temperature of the PHL as it is in bulk. As the function of a particular protein is sensitive to the local temperature of the surroundings, PHL plays a huge role to provide that environment acting like a shield.
Translation time of water molecules inside hydration layer
We 
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There are water molecules which translate faster than the molecules in the bulk along with the slower and bulk like ones. If we choose the average value of the sharp bulk distribution as the boundary to call a water molecule 'fast' or 'slow' we end up with the following numbers tabulated in Table 6 . The faster translating ones are near hydrophobic regions facing a repulsive potential. The faster movement also arises from the 'kicking motion' produced by long and extended amino acid side-chains such as Arginine, Lysine etc.
Because of the low rotational barrier 60 , incessant side-chain conformation fluctuations introduce a constant perturbation to the hydration layer which in turn increases the energy content of the same. This is manifested in the high specific heat of hydration layer (see Section 3.2). In order to quantify the obtained residence times with the help of a suitable time correlation function, we define s(t) [see Equation (14)], which is a measure of the lifetime of a water molecule inside the hydration layer. It is defined as,
Here, 'h(t)' is a heaviside step function 61 at time 't' that describes the 'in-or-out' state of a water molecule. It takes up a value of '1' when the water molecule is inside the PHL and '0'
otherwise. In addition to that we use an 'overlook period' of 2 ps (which is small compared to 23 the mean residence time inside the PHL). If a particular water molecule, located at the imaginary boundary of first shell and second shell, leaves the PHL for a duration which is less than the overlook period we consider that to be continuously inside the PHL. Once it is outside PHL for more than 2 ps, we consider that to be a '0' state from that time forever. This allows us to treat those water molecules which cannot get stabilised outside PHL and comes back again to the first shell. We calculate s(t) for each individual water molecules inside PHL and take an average over the molecules. The resultant time correlation functions are fitted to a multi-exponential ( Table 7 , Figure 9) and by integrating over time we extract the mean lifetime of water molecules inside PHL. 
Heterogeneous solvation dynamics inside hydration layer
Because of the multitude of rotational and translational timescales inside PHL, the dynamics of solvation becomes a site dependent phenomenon throughout the hydration layer. In section 3.1 we have shown that there are a few water molecules that are rotating faster than bulk water molecules, although the majority of water molecules in the hydration layer are slower. In order to explore this aspect, we put virtual probes at different sites of the PHL. A virtual probe is a spherical point positive charge with 0.5 Ȧ radius which is fixed with respect to an atom on the protein surface. We have used four spheres situated at different locations inside PHL for each protein to probe the dynamical response of different sites. The interaction energies are taken to be the sum of coulomb and LJ interactions 62 . Linear response theory 63 is applied on each energy trajectory to find out the solvation time correlation function 62, [64] [65] [66] [67] [Equation (15)] and the timescales are obtained using a multi-exponential fitting equation with a Gaussian component to take care of the initial sub ~100 fs ultrafast decay 68 (see Table 8 for details). indicates averaging over ground state only 41 .
The time constant of solvation of a bare ion in water is extremely fast 64, 65 . This can be partly (not fully) realised with the help of Equation (16 As expected, different locations show different timescales of solvation (Figure 10) though the average time constants are close to each other. As pointed out in earlier studies, solvation becomes slow near charged side-chains, not only due to slow water molecules but also because of the contribution of the charged/polar amino acid side chains 33 . The regions which contain fast rotating water molecules generally have faster solvation. These regions are near the backbone of protein and near hydrophobic groups.
However, as in the case of NMR, TDFSS also suffers from being able to measure only an average property except that one can use the location of the probe to get more insight into the distribution of relaxation times. 
CONCLUSION
As discussed extensively in the context of single molecule spectroscopy 69 , the measured time correlation function is an ensemble averaged property. Just like we observed often in single molecule spectroscopy and also in super cooled liquids 29, 70 , two different distributions can provide a similar time correlation function. It is thus possible to reach an erroneous conclusions if we base them on the ensemble average properties alone. The average can be a poor measure of reality.
The main results of the present work can be summarized as follows. Distributions of calculated residence times and rotational relaxation times in the hydration layer for four different protein-water systems are unusually broad. The distributions are Gaussian in bulk 27 but transform to 'log-normal' in case of hydration layer. Note that, log-normality is abundant in nature 71 . We can justify the deviation from Gaussian to log-normality by assuming that the relaxation times scales by a multiplicative factor of Physically, this arises from the simultaneous presence of (a) peptide backbones that form weak hydrogen bonds, (b) hydrophobic amino acid side chains that form no hydrogen bond and (c) charged polar groups that form strong hydrogen bond with the surrounding water molecules. This broad distribution is not reflected in the average time constant which is just about 2-3 times larger than that of bulk water 29, 34, 55 ( Tables 4 and 6 ). In particular, the average leads to the erroneous conclusion that water in the hydration layer is bulk-like.
Nevertheless, the mathematical description of log-normality is elusive and still deserves proper quantification.
Protein hydration layer is unique because the water molecules encounter highly heterogeneous surface with respect to structure and electrostatics. The water molecules that are hydrogen bonded to the peptide back-bone are known to rotate and translate faster than those bonded to charge groups like arginine or glutamate or aspartate 54 . In addition, the solvent exposed hydrophobic amino acid side chains offer no specific resistance to rotation of water molecules. Since different proteins could have substantially different sequence of amino acid residues, water dynamics could be quite sensitive to the specific nature of a particular protein. However, some aspects are conserved. As the peptide backbone should always be present, a part of relaxation of the hydration layer should always be faster than the bulk. The same goes for the water molecules near the hydrophobic residues. Therefore, one should be particularly concerned about the sensitivity to the charged amino acid groups. Only these groups can give rise to slower than bulk decay. Experiments measure the ensemble averaged retardation factors which are obtained in our present study as well but cannot bring out the true characterisation 29, 55 . The universal and defining characteristics of hydration layer would then be a broad distribution of relaxation times, with relaxation times substantially shorter than bulk to a range substantially higher than bulk.
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On top of that due to its low dielectric constant and high specific heat it offers a unique property. Due to the low dielectric constant, the PHL cannot screen the interactions proteins do with ligands 72 (substrates, small molecules, drugs etc.) which are the most important part before any protein action such as enzyme kinetics 73 or aggregations 74, 75 . The high value of specific heat provides a protective environment around the protein which is more resistant to the temperature change that water molecules at the far. This helps the protein to function properly. We also discuss some aspects in favour of the uniqueness of the hydration layer. There are many other structural and dynamical properties (radial distribution, tetrahedral order parameter, dynamics structure factor, χ 4 29 . Thus, results of both 2D-IR and NMR can be biased towards molecules exhibiting faster than average dynamics. Therefore, one needs to employ all the available techniques to understand and explore the wide distribution reported here, for the first time.
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Supporting information
S1. Calculation of orientational relaxation times of PHL water
The orientational correlations calculated in Section 3.1 correspond to first and second rank Legendre polynomials as given by Equations (1) and (2). We followed the following steps to obtain the histograms shown in Figures (2) and (3 
1. We calculate the distance of each water molecule from protein atoms at every timestep throughout the MD trajectory. We define a cut-off radius of 1 nm for the PHL and select those water molecules which reside within this distance. This gives us water molecules inside the PHL (~2300-2500 at an average).
2. Then we calculate the residence times of these water molecules in the PHL and create an output file which contains data of entry-time, exit-time and total residence time of these molecules in the PHL.
3. We provide this file as an input into the program which calculates C 1 (t) and C 2 (t). It reads the data of entry-time and exit-time and computes the said terms according to Equations (1) and (2) for water molecules residing more than 100 ps in the PHL. This gave us one time correlation function (TCF) for every molecule considered. 4 . We then fit the normalized data in each file to a multi-exponential function (which gave the best fit according to minimum  2 values), and computed average relaxation time  for each water molecule using Equation (3) ii i a     (19) 5. Thereafter, we generated a histogram of these relaxation times which led to Figures Similar procedure has been followed for all the four proteins.
We present some exemplary plots of individual TCFs for the PHL of lysozyme below. Figure S1 shows individual TCFs for representative ~100 water molecules in the PHL and bulk. As clearly seen from the plots, some water molecules are rotationally rigid resulting is slowly decaying TCF and contributing to the long tail of the histogram shown in Fig. 2 and 3 of main text. We also provide the reason behind choosing a tri-exponential fit by evaluating χ 2 values. As seen from Table S1 , bi-exponential fit is not suitable whereas tetra-exponential functions produce almost the same result as tri-exponential. Same statistical treatment is done for other plots as well.
S2. Calculation of translation times
In Figure 8 (main text) we plot histograms of times taken by PHL water molecules to obtain a displacement equal to its molecular diameter ( = 0.316 nm for SPC/E water). PHL water has been selected according to step 1 described in the previous Section S1. Then we calculate the displacements of each and every PHL water molecule at each time-step. The time (t) at which the difference between the final (time = t) and initial (time = 0) positions (displacement) becomes greater than , has been recorded for each molecule. Figure 8 shows histograms of these translation times for PHL water of four proteins. The histograms for PHL have been multiplied by 3 for better comparison with bulk.
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S3. LOG-NORMAL NATURE OF THE DISTRIBUTIONS
We find that the nature of the distributions obtained for PHL is skew-symmetric with a long tail. On further investigation we observe that the distributions are log-normal in nature.
This feature is universally present for every distribution. The mathematical form of a lognormal distribution is the following, 
Where, μ is the mean and σ is the standard deviation. Here, for demonstration of this fact, we provide fitting parameters for the distributions in Figure 8 of main text. We report the fitting parameters after transforming them from the log scale to the non-log scale in Table S2 . The plots are given in Figure S3 . Figure S3 . Gaussian fit for bulk and Log-normal fits for protein hydration layer for four different proteins. Table S2 also supports the same story. At an average PHL is almost ~2 times slower than bulk. But the long tail in the distribution and some faster components depicts a different picture altogether. However, the proper mathematical investigation of the origin of lognormality is elusive and yet to be achieved.
